Potassium channels regulate numerous aspects of neuronal excitability and 27 several voltage gated K + channel subunits have been identified in pyramidal 28 neurons of rat neocortex. Previous studies have either considered the development 29 of outward current as a whole or divided currents into transient, A-type and 30 persistent, delayed rectifier components but did not differentiate between current 31 components defined by alpha subunit type. To facilitate comparisons of studies 32 reporting K + currents from animals of different ages and to understand the 33 functional roles of specific current components, we characterized the postnatal 34 development of identified Kv channel-mediated currents in pyramidal neurons from 35 layers II/III from rat somatosensory cortex. Both the persistent /slowly inactivating 36 and transient components of the total K + current increased in density with postnatal 37 age. We used specific pharmacological agents to test the relative contributions of 38 putative Kv1-and Kv2-mediated currents (100 nM α-dendrotoxin and 600 nM 39 stromatoxin, respectively). A combination of voltage protocol, pharmacology, and 40 curve fitting were used to isolate the rapidly inactivating A-type current. We found 41 that the density of all identified current components increased with postnatal age, 42 approaching a plateau at 3-5 weeks. We found no significant changes in the relative 43 proportions or kinetics of any component between postnatal weeks one and five, 44 except that activation time constant for A-type current was longer at 1 week. The 45 putative Kv2-mediated component was the largest at all ages. 46
INTRODUCTION 51
At birth, the rodent somatosensory system is immature and somatosensory 52 cortex undergoes dramatic changes over the first postnatal month. Neocortical 53 pyramidal cells are generated prenatally in an "inside-out" laminar pattern 54 to block Kv1-mediated currents. A -40 mV HP was used to inactivate most of the 204 outward current. After an initial period at -40 mV to allow the holding current to 205 stabilize, a step is made to +10 mV for 500ms. The cell is returned to -40 mV for 5s 206
and then a prepulse to -70 mV (150 ms duration) is applied to allow preferential 207 recovery of the A-type current. This prepulse duration is long enough to recover 208 most of the A current (tau recovery = 61 + 5 ms, n = 3) but is too short to recover the 209 majority of the DR currents (Foehring and Surmeier, 1993; Guan et al. 2006 Guan et al. , 2007b . 210
We compared all age groups using a test potential to +10 mV for 500 ms, repeated 211 every 15s. A-type current was defined as the difference between current during the 212 test potential after the prepulse and current during a test pulse without the prepulse. 213
Curve fitting was used to further separate the A current from DR currents (see 214 Results). In an additional set of experiments, we studied steady-state activation and 215 inactivation of A-type current at 1 week and 4-5 weeks of age. In those experiments, 216 30 mM TEA replaced equimiolar NaCl in the external solution to further isolate the 217 A current (together with biophysics and curve fitting). 218
Immunocytochemistry. Animals (n = 4 at P6-9 and n = 4 at P26-P38) were 219 anaesthetized with sodium pentobarbital (50 mg kg −1 i.p.). The anaesthetized 220 animals were transcardially perfused with 0.01 m sodium phosphate buffer plus 221 0.89% NaCl (PBS) followed by PBS-buffered 4% paraformaldehyde and 0.2% picric 222 
RESULTS

264
Our isolation procedure restricted recordings to pyramidal cells from layers 265 II-III (see Methods) of rat primary somatosensory cortex. We used acutely 266 dissociated neurons to allow normal in situ development prior to cell harvest and to 267 facilitate spatial control of voltage (by removing cell processes) and rapid exchange 268 of extracellular solutions. Because these cells have had the axon and dendrites 269 removed, our conclusions are restricted to currents in the soma and proximal (<25 270 μm) apical dendrites. Total potassium current was studied in 140 neurons. The 271 effects of combined Kv1 blockers (DTX plus MTX) were studied in 109 cells. ScTx-272 sensitive current was studied in 56 cells. Some of the included Kv1 and Kv2 data 273 from animals aged 4-5 weeks were taken from our previous work (Guan et al. 2006 , 274 2007a,b). A-type currents were studied in the absence of extracellular Cd 2+ in an 275 additional group of 80 cells. 276
For analysis, we grouped the data according to animal age: 7 + 3 days was 277 considered week 1, 14 + 3 days = week 2, 21+3 days = week 3, 28 + 3 days = week 4 278 and 35 + 3 days = week 5. We used peak current and time-to-peak to characterize 279 the total potassium current and toxin-sensitive current at +10 mV, and used the 280 current at 500 ms to describe the "steady-state" amplitude of these currents. 281 For comparison to earlier studies, we first studied the total outward 294 potassium current as a function of postnatal age (Figure 2 ). Currents were small at 295 one week (Figure 2A) and increased with age. Peak current (and current density: 296 current /whole cell capacitance) increased significantly with age (Figure 2A,C) . 297
The biggest increase was seen from week one to week two and a plateau was 298 approached by 3-5 weeks. When currents were scaled to the same peak amplitude 299 the currents generally superimposed ( Figure 2B ). With this protocol, a fast, 300 transient component was evident in many cells at all ages (virtually all cells have an 301
A-type current that is revealed with a recovery from inactivation protocol as in 302 Figure 5 ). The ratio of the transient current (peak current -current at 500 ms) to the 303 persistent current (current at 500 ms) was unchanged with age (0.12 + 0.08 at week 304 1, 0.13 + 0.09 at week 2, 0.09 + 0.06 at week 3, 0.11 + 0.08 at week 4, and 0.11 + 0.05 at 305
weeks). 306
Development of specific current components: slowly inactivating currents. 307
Previously, we demonstrated isolation of putative Kv1-and Kv2-mediated currents 308 from 4-5 week old rats using specific toxins (Guan et al. 2006 (Guan et al. , 2007a . We assume 309
here that the sensitivities of specific potassium channels to the toxins do not change 310 over the age range tested. Test steps to +10 mV (500 ms) from a HP of -70 mV were 311 repeated every 15 s and toxin-sensitive currents were determined as subtracted 312 currents. We used DTX (100 nM) together with 10-30 nM MTX to block putative 313 Kv1 channel currents and 600 nM ScTx to block the putative Kv2 channel currents 314 (Methods, Figure 3) . 315
Kv1-mediated. Almost all cells at all ages expressed putative Kv1-mediated 316 current (Figure 4, Table 1 ). This current was very small at one week and increased 317 in amplitude with age ( Figure 4A,C) . This current made up 5-8% of the whole 318 current at +10 mV, with no significant changes in this percentage with age ( Table 1) . 319
Peak current and current density significantly increased during postnatal 320 development ( Figure 4C ; Table 1 Table 1) . 330 Kv2-mediated. All cells at all ages expressed a putative Kv2-mediated (ScTx-331 sensitive) current ( Figure 4D ; Table 2 ). This was the largest current component at 332 all ages ( Table 2 ). Similar to the putative Kv1-mediated component, putative Kv2-333 mediated current amplitude and density increased significantly from week 1 to 2 334 and approached a plateau by 3-5 weeks of age ( Figure 4F ; Table 2 ). There were no 335 changes in kinetics with age ( Figure 4E , Table 2 by recovery from inactivation increased with postnatal age (Figure 5A,B) . 365
Because of the incomplete separation, we further isolated the A-type current 366 by fitting the subtracted K + currents using Equation 1: 367
368
Where I DR is the residual delayed rectifier component and I A is the A-type current. 369
Kv1-mediated DR current was previously blocked by the presence of DTX and MTX. 370 T1 and T2 are the activation and inactivation time constants of the DR component. 371 T 3 and T 4 are the activation and inactivation time constants of the A-type current. 372
An example of such a fit is seen in Figure 6A . The data for biophysical isolation 373 alone and biophysics plus subsequent fit are both included in Table 3 . By either 374 measurement, the amplitude of A-type current increased with postnatal age, with no 375 significant changes in kinetics (TTP, activation tau, inactivation tau: Figures 6B; 376 Table 3 ). Currents were significantly smaller in the first week vs. weeks 3-5 ( Table  377 3). A plateau for current amplitude and density was observed at 3-5 weeks ( Figure  378 
5B; Table 3). 379
As a further test of our fitting procedure, we used Equation 1 to fit the total 380 the rising phase of the ScTx-sensitive outward current (tested in the presence of 390 DTX, MTX, and 100 μM CdCl 2 ) was steeper than expected for Kv2-mediated current 391 alone (e.g., Fig. 6E ). We therefore also examined A-type current separated by fitting 392 Equation 1 to the ScTx-sensitive current (Fig. 6E) . In these cells, the activation-393 inactivation of ScTx-sensitive current was well fit with Equation 1, where I DR is the 394 Kv2-mediated persistent component and I A is the A-type current. These data are 395 consistent with a significant fraction of the A-type current being due to Kv4 subunits 396 in these cells (c.f., Norris and Nerbonne, 2010) . 397
Kinetics and Voltage-dependence of A current. To study the kinetics and 398
voltage-dependence of A-type current in more detail, we studied additional cells at 399 1 week and 4-5 weeks using modifications to the recovery from inactivation protocol 400 used in Figures 5 and 6 . These cells were examined in the absence of extracellular 401
Cd 2+ and in the presence of 30 mM TEA to block DR current. The cells were held at -402 40 mV to inactivate most of the potassium currents. We first used a two-pulse 403 protocol to compare the currents in response to a step to +10 mV, with or without, a 404 150 ms prepulse to -100 mV (to allow complete recovery of A-type current), 405
followed by a 500 ms step to +10 mV ( Figure 7A, Table 4 ). At -100 mV, the 406 recovery time constant was 36 + 9 ms (n = 3). Compared to experiments with 407 recovery at -70 mV, currents were significantly larger following a step to -100 mV 408 (Tables 3 vs. 4) . In these cells, there was a small but significant difference in the 409 time constant for activation with age: younger cells had a longer τ ( Figure 7B , Table  410 
4). 411
Steady-state activation was studied by varying the step after recovery 412 (indicated by step "C" in protocol) at -100 mV to potentials between -40 mV and +50 413 mV (in 10 mV increments) to study steady-state activation ( Figure 7C) . Steady-state 414 inactivation was studied by varying the recovery potential (indicated by "B" in 415 protocol) in 10 mV intervals between -110 mV and -40 mV ( Figure 7D) . The 416 resulting activation and inactivation curves are shown in Figure 7E (1 week) and 417 half-activation or inactivation and slope differed significantly with age. 422
Immunocytochemistry. We compared cortex at 1 week and 4-5 weeks of age 423 to test whether the developmental changes we observed for current components 424 were accompanied by increased subunit protein expression. We found that Kv4.3 425 staining was found in the neuropil as well as somas and dendrites of pyramidal cells 426 in all layers and that staining intensity was greater at 4-5 weeks than in 1 week-old 427 postnatal animals (Figure 8A,B) . Table 2 . Putative Kv2 current as a function of age (mean + SD). Stromatoxin (ScTx: 600 nM) -sensitive current. HP = -70 mV.
Step to +10 mV. * = significant difference from week 1. # = significant difference from week 2. 
